Abstract. In this contribution, we review our efforts toward understanding the typical mass-scale of primordial stars. Our direct numerical simulations show that, in both of Population III.1 and III.2 cases, strong UV stellar radiative feedback terminates mass accretion onto a protostar. An HII region formed around the protostar very dynamically expands throughout the gas accreting envelope, which cuts off the gas supply to a circumstellar disk. The disk is exposed to the stellar UV radiation and loses its mass by photoevaporation. The derived final masses are 43 M and 17 M in our fiducial Population III.1 and III.2 cases. Much more massive stars should form in other exceptional conditions. In atomic-cooling halos where H 2 molecules are dissociated, for instance, a protostar grows via very rapid mass accretion with the ratesṀ * ∼ 0.1 − 1 M yr −1 . Our new stellar evolution calculations show that the protostar significantly inflates and never contracts to reach the ZAMS stage in this case. Such the "supergiant protostars" have very low UV luminosity, which results in weak radiative feedback against the accretion flow. In the early universe, supermassive stars formed through this process might provide massive seeds of supermassive black holes.
MASS ACCRETION REGULATED BY STELLAR UV FEEDBACK Population III.1 Stars
The very first stars in the universe (Population III.1 stars) form in massive primordial gas clouds a few hundread million years after the Big Bang. Gravitational collapse of such the cloud gives birth to a tiny (∼ 0.01 M ) embryo protostars surrounded by a massive (∼ 10 3 M ) gas envelope [e.g., 1, 2, 3]. The gas accretes onto the protostar rapidly, which substantially increases the stellar mass [e.g., 4]. The mass of a newlyborn star is finally determined when the mass accretion ceases.
It has been predicted that the stellar radiative feedback against the accretion flow could be strong enough to limit the mass accretion [6] . In order to study complex interplay between the stellar radiation and accretion flow, multi-dimensional radiation hydrodynamics simulations following long-term evolution after the birth of the protostar had been awaited. On the other hand, numerical simulations of this sort have been utilized for studying the present-day massive star formation [e.g. , 7] . We apply the similar methods to study the primordial star formation [5] (also see H. Susa's and A. Stacy's FIGURE 1. Formation and expansion of an HII region around a primordial protostar in the Population III.1 case [5] . The four panels (a) -(d) show the snapshots at the moments of (a) the birth of an embryo protostar (t = 0), (b) t = 2 × 10 4 years, (c) 3 × 10 4 years, and (d) 7 × 10 5 years. The protostellar masses at these moments are also presented. The colors and contours depict the spatial distributions of the gas temperature and density. contributions in this volume). We solve the dynamics of the accretion flow employing a 2-dimensional (2D) axisymmetric radiation hydrodynamics code [e.g., 8, 9] . The very vicinity around the protostar is replaced with a sink cell, and mass influx to the sink cell is regarded as the mass accretion rates onto the star. The protostellar evolution is consistently calculated by numerically solving the stellar interior structure with the provided accretion rates [4, 10] . The stellar luminosity and effective temperature, which control the strength of the stellar radiative feedback, are obtained as the results of the stellar evolution calculations. The initial gas distribution is configured with the results of our previous cosmological simulations showing the birth of a Pop III.1 protostar [3] . Figure 1 shows the very dynamical nature of the stellar radiative feedback over ∼ 10 5 years after the birth of the protostar. We see that the HII region expands throughout the accreting envelope. The circumstellar disk, whose size is ∼ 10 3 AU from the protostar, lies in the very central part of the presented domain. The mass accretion onto the star is mostly via this accretion disk. As the stellar mass increases, the stellar UV luminosity dramatically rises. The HII region initially grows in the polar directions ( Fig.1-b) , and then its opening angle increases with the stellar mass ( Fig.1-c ). High gas pressure within the HII region drives a shock front going ahead of the ionization front. The shock front propagates throughout the accreting envelope even behind of the circumstellar disk. The shocked materials are pushed away from the star owing to outward pressure gradient, which cuts off the gas supply from the envelope to the disk. The isolated disk is exposed to the stellar UV radiation and being photoevaporated. Figure 2 shows the mass accretion history onto the protostar during the evolution described above (red solid line). In comparison to the "no feedback" case (red dotted line), we see that the mass accretion rates are reduced by the stellar radiative feedback. The stellar growth in mass is almost terminated at M * 43 M , which suggests that the very first stars should be less massive than previously thought. Such "ordinary" massive stars end their lives as core-collapse supernovae. This explains the fact that any signatures of the pair-instability supernova, which is the final fate of a few ×100 M star, have not been found in the abundance patterns of Galactic metal deficit stars [e.g., 11].
Population III.2 Stars
After the very first stars form, nearby primordial gas could be ionized by their radiative and mechanical feedback. When such the primordial gas recombines and bears the "second-generation" primordial stars, their formation process differs from the Pop III.1 case owing to the enhanced electron abundance (Population III.2 stars). During the early gravitational collapse of a cloud, gas temperature falls down to a few ×10 K with additional radiative cooling via H 2 and HD molecules [e.g., 12, 13] . The resulting typical mass of the clouds is ∼ a few ×10 M , which is much lower than in the Pop III.1 case [e.g., 14]. With knowledge of the different mass scales of the cloud, Pop III.1 and III.2 stars had been regarded as the distinct sub-populations which have different stellar masses.
As in the Pop III.1 case, however, the final stellar mass is determined in the later accretion stage. We apply the same numerical method to the Pop III.2 case to follow the long-term evolution until the mass accretion ceases. For the initial gas distribution around the protostar, we again make use of the results of the cosmological simulations following the birth of a Pop III.2 protostar [14] . Figures 2 and 3 show that the strong stellar UV radiative feedback shuts off the mass accretion in the Pop III.2 case as well. However, we also see some quantitative differences between the Pop III.1 and III.2 cases. First, in the Pop III.2 case, the mass accretion rates onto the star are about ten times lower than in the Pop III.1 case (Fig.2 ). This agrees with the well-known analytic scaling relationṀ * ∝ T 3/2 , where T is the temperature in the gas accreting envelope. With lower accretion rates, in general, the protostar approaches the ZAMS stage for the lower stellar mass [e.g., 4, 10] . The stellar UV luminosity accordingly rises for the lower stellar mass, which explains the lower final stellar mass M * 17 M in the Pop III.2 case.
Our results suggest that the Pop III.2 stars are less massive than the Pop III.1 stars, but the difference is within a factor of a few. On the other hand, recent 3D numerical simulations are revealing that low-mass (∼ 1 M ) primordial stars could form via gravitational fragmentation of the accretion disk (see T. Greif's and P. Clark's contributions in this volume). However, note that most of such simulations only follow the very early evolution far before the final stellar masses are determined. The stellar radiative feedback should finally limit the mass accretion and set the final stellar mass around tens of solar masses. 
PROTOSTELLAR EVOLUTION WITH VERY RAPID MASS ACCRETION: EMBRYOS OF SUPERMASSIVE BLACK HOLES?
The above results show that a number of the primordial stars should be ordinary massive stars (M * < 100 M ). Much more massive stars might form in other exceptional circumstances. Recall that, in the local universe, O-type stars form in such a way, whereas the majority of stars are less massive than 1 M [7] .
In massive dark haloes where H 2 molecules are destroyed by radiative or collisional dissociation [e.g., 16, 17] , for instance, a gas cloud nearly isothermally contracts at T 8000 K without strong fragmentation [e.g., 18]. After the birth of a protostar, the stellar mass rapidly increases via mass accretion with very high rates ofṀ * ∼ 0.1 − 1 M yr −1 . If the stellar mass could reach ∼ 10 5 M by this rapid mass accretion, the star directly collapses to form a massive black hole. The very rapidly accreting protostars could be embryos of supermassive black holes observed in the early universe.
We extend our previous work [4, 10] to study the protostellar evolution in such the extreme situations [15] . We numerically solve the stellar interior structure taking account of the effects of mass accretion. Figure 4 presents the evolution of the stellar radius for M * ≤ 10 3 M with various high accretion rates. We see that, with the high accretion rates, the stellar evolution qualitatively differs from the standard one represented foṙ M * = 10 −3 M yr −1 . WithṀ * ≥ 6 × 10 −2 M yr −1 , in particular, the stellar radius always increases with the stellar mass. The mass-radius relation for M * > 100 M is almost independent of the different accretion rates. The protostar has the same radius 7000 R ( 30 AU) at M * = 10 3 M in the all cases with such high accretion rates. This unique mass-radius relation of the "supergiant protostars" can be explained with the following simple analytic argument. First, the stellar luminosity is generally written as L * = 4πσ R 2 * T 4 eff , where σ is the Stefan-Boltzmann constant. The stellar luminosity is now close to the Eddington value, and the effective temperature is nearly constant at T eff 5000 K due to the strong temperature-dependence of H − absorption opacity [19] .
With these facts, we obtain R * 2.6 × 10 3 R M * 100 M 1/2 .
(1) Figure 4 shows that our numerical results well agree with this relation. Because of the low effective temperature T eff 5000 K, the UV luminosity of the supergiant protostar is much lower than that of the ordinary Pop III ZAMS stars. Without strong stellar UV feedback, the final stellar mass would be given by the amount of gas which accretes onto the star in its lifetime (also see J. Johnson's contribution in this volume). This could be a formation mode of very massive (M * 100 M ) stars in the early universe.
